Abstract: Current concrete technology has made higher concrete grades more affordable to mid and high-rise buildings; hence its use has been increasing in the late years as it allows for smaller cross-sections, reduction of the structure's weight, improve durability, among other benefits. However, it is known that brittleness of plain concrete increases with the strength; therefore, some national codes have limited the concrete's strength in high seismic zones.
INTRODUCTION
In recent years the use of high strength concrete (HSC) has become very common in bridges, buildings and some marine structures due to its benefits in terms in increasing strength, durability and stiffness, allowing for larger spans and weight reduction. In the case of buildings, the use of HSC is determinant in elements in compression, as columns, where concrete strength plays a major role in the element's capacity and ductility.
The first uses of HSC in building columns date from the late 60's decade in Chicago (USA), where it was used as a mean to reduce weight in order to minimize the load transmitted to the foundations in sites with very unfavorable soil properties. Now at days, its use has been generalized. In high-rise buildings concrete strength larger than 100 MPa has been used. In the late 80's decade and at the beginning of the 90's decade several prominent HSC structures were constructed: in Seattle, a 220 m building was constructed using 115 MPa concrete. In Norway and UK, large amount of HSC *Address correspondence to this author at the Universitat Politecnica de Catalunya. C/Jordi Girona, 1-3. E.T.S.E.C.C.P.B. Mod.C1, ofic.201. Campus Nord. 08034, Barcelona, Spain; Tel: +(34) 934017351; Fax: +(34) 934054135; E-mail: mgrosangel@gmail.com was used in construction of large off-shore structures. In Spain, the first use of HSC was two slender footbridges with 80 MPa concrete, in Montjüic, constructed for the 1992 Olympic Games.
In spite of these main benefits, it is known that HSC is more brittle than regular concrete; hence, its use in high seismic zones has been less extended. Because of its brittleness, some national construction codes ban the use of HSC in high seismic zones; e.g. the Algerian seismic codes [1] limit the concrete strength in seismic zones to 45 MPa. This paper aims at investigating the effects of concrete strength and design methods in the seismic behavior of concrete buildings. A 10 stories building dual frame-wall located high seismic zone was design and detailed considering different concrete grades representative of normal, medium and high strength. The buildings are designed considering force and displacement based methodologies and detailed following the ductility requirements of Eurocode 8 [2] . The seismic behavior of the different specimens is evaluated by non-linear pushover analysis for which adequate simulation of the different concrete characteristics, including confinement, was considered. The results are compared and conclusions are presented in terms of design recommendations and observer failure modes.
CONCRETE CHARACTERISTICS FOR CONFINED HIGH STRENGTH CONCRETE
Several models to describe the confined characteristics of concrete exist in literature. One of the most extended is due to Mander et al. [3] . This model is well established and has been the basis of design and evaluation codes, such as [4] [5] [6] [7] . However, this model was calibrated with normal strength concrete and it has been reported that it may provide results in the unsafe side for HSC. Moreover, it has been reported that confined models of normal concrete do not offer good representation of the behavior of HSC [8] .
On the other hand, Eurocode 2 [9] include a relatively simple formulation for confined concrete that has not explicit application restriction to in range of concrete grades considered in the code, namely concrete strength from 20 MPa to 90 MPa. In this model, the confined strength of concrete (f ck,c ) is evaluated through Equations (1) and (2), depending on the effective confinement pressure (σ2).
After determining the confined strength all other parameters of the stress-strain (σ-ε) curve can be computed as function of this variable. Therefore, the strain at peak load (ε c,c ) and ultimate strain (ε cu ) can be obtained from Equations (3) and (4), respectively. One inconvenient of this model is that the effective confinement pressure is supposed to be symmetrical in orthogonal directions, which is not generally the case if transversal steel ratio is not identical in the two directions. In this case, in this paper the mean lateral pressure, 0.5(σy+σz), is considered to define a cylindrical stress state in which the previous model can be applied. Therefore, the effective confined pressure (σ 2 ) will be computed as, Equation (5): (5) where, (6) α is an efficiency factor taking into account three former aspects. Namely, the concrete strength, the distance of the longitudinal reinforcement that is effectively lateral supported by means of transversal reinforcement and the spacing between lateral reinforcements. Before applying this model in the current study, it is compared against experimental data for validation purposes. To this extent, the experimental data reported by Sharma et al. [10] on concrete strength ranging from 62 MPa to 84 MPa and different confinement ratios are compared against the model's predictions. Figs. (1 and 2) show the comparison of the confined concrete characteristics considered predicted by the modified EC2 [9] model and the experimental observation. It can be seen that the model is biased towards the safe side both for the confined strength and predicted strains. However, the strength bias seems uniform with the concrete strength while it increases in the case of confined strength. A reason for this may be found in the different dilatancy characteristics of high strength concrete with respect to normal concrete, as recently demonstrated in Osorio et al. [11] . Further research in this respect is required.
The constitutive model for concrete, confined and unconfined that will be used in this study is shown in equations (7) (8) (9) . This set of equations is defined in terms of the peak strength, the elastic modulus (E cm ), and the strain at peak load and failure. In the case of confined concrete, the elastic modulus is taken the same as for un-confined, as large lateral strains due to dilatancy, that activates confinement pressure in stirrups, mainly take place when strains approaches the peak load. Parameters f cc , ε cc , ε cu are computed according to equations (1-6). 
DESCRIPTION OF THE STRUCTURE AND SEISMIC ACTION
The analysed structure is a 10 stories building, 31 m height, dual frame-wall building. Fig. (4) shows a lateral view of a representative. The structure is regular and symmetric in the two directions. The floor system consists of waffle slabs supported by beams in the two directions, providing a rigid diaphragm in each storey. Moreover, torsion effects are considered negligible. Therefore, in this study, only the representative frame is analysed.
In order to determine the effects of the concrete grade, the dual frame-wall system is designed using three different types of concrete: 30 MPa, 60 MPa, and 90 MPa, which are representative of normal, mid and high strength concrete. The structures will be designed using a Displacement-BasedDesign (DBD) approach to determine the internal forces that satisfy the design spectrum. However, the internal forces and deformation obtained from a traditional Force-Based-Design Method (FBD) will also be investigated and discussed in order to compare the influence of the design hypotheses.
The FBD method determines the elastic shear force and its distribution in the structure based on the linear stiffness and the elastic acceleration spectrum. The forces are reduced in a second by a ductility factor, which are tabulated for different structural types, to take into account the structure dissipation of forces and less stiffness in non-linear regime. Therefore, this method focuses on the structure resistance.
On the other hand, the DBD starts the design process by determining the maximum displacement level at which the structure should work under, this value defines the inelastic stiffness and ductility in each element, hence there is no need of selecting tabulated ductility reduction factors as it results from the own design process. More details on the DBD method can be found in Priestley at al. [4] . This method allows for a more objective design in terms of required ductility and well as a more flexibility in the design assumptions. For example, the distribution of the shear forces resisted by the wall and the frame may be varied depending on the strength and ductility of the two components, while in the FBD they are defined by the elastic stiffness. Therefore, in order to optimize the design, the distribution of seismic shear force between frame and wall are varied according in the DBD method.
The gravity actions considered in the study are listed in Table 1 . On the other hand, the seismic action was defined according to Eurocode 8 [2] for a with a peak ground acceleration (PGA) of 0.4 g and soil type C. Type I acceleration spectrum was used. In Fig. (5) , the elastic response spectrum is presented. The building was design for ductility class high (DCH).
In order to determine the design forces in the structure, an elastic multi-modal analysis is carried out considering enough modes to mobilize more than 90% of the structure's mass. In the FBD method, the modal forces and displacements are combined using the CQC method, which determines the relative forces resisted by the shear wall and the frame. The structural analysis was carried out using SAP2000 software, version 14 [12] .
In the DBD method, a relative load factor of β F =0.30 is used; therefore, the wall is designed to resist 70% of the shear force and the frame 30%. With this distribution, the frame is designed for higher shear force than in the FBD. The displacement spectrum was obtained from the accelera- Fig. (5) . Elastic design spectrum.
tion spectrum by means of the following relationship between spectral acceleration (Sa), spectral displacement (Sd) and structural period (T), equation 10:
COMPARISON BETWEEN FORCE-BASED DESIGN AND DISPLACEMENT-BASED-DESIGN METHOD-OLOGIES
In this section, a comparison of the structures designed according to the FBD and DBD methods are presented in order to determine the more adequate design methodology. In the FBD method, the force distribution is based on the elastic stiffness of the elements. Therefore, it is expected that the shear wall resists most part of the shear base shear. On the other hand, the DBD allows the designer to select the base shear factor that determines the fraction of the base shear resisted by the frame with respect to the shear wall.
Among the parameters that will allow comparing the behavior of the different models, the interstorey drift and the distribution of base shear between wall and frame were selected. Table 2 shows the results in the 1 st storey columns obtained after the analysis of the structures design with the two methods and the effects of the design assumptions, while Fig. (6) shows the base-shear forces.
On the other hand, Fig. (7) shows the interstorey drifts distributions for the two cases, defined as the difference between the horizontal displacements of two consecutive stories divided by the storey height (dimensionless quantity). It is observed that the interstorey drifts in the FBD exceed the maximum allowable value in Eurocode 8 [2] (2%), which means that resizing of the elements is required to satisfy damage control criterion. However, this was not carried out in this study as the main objective of the study was to investigate the effects of concrete strength in the capacity of developing the required ductility.
In the case of DBD, the interstorey drifts are considerably smaller and satisfy the limited values considered in the design, demonstrating that the method is represents a more adequate approach for satisfying damage control.
After the results of this comparative study, the DBD method is selected as more adequate for designing this structure, as it provides a more adequate mean for controlling the interstorey drifts. Secondly, it allows the dual system to behave as such, exploiting better the characteristics of both wall and frame. Fig. (6) . Distribution of the base shear Frame and Wall with FBD and DBD methods.
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STRUCTURAL DESING FOR THE DIFFERENT CONCRETE GRADES STRUCTURES
In this section, the design of the structures according to the DBD will be presented considered a distribution of shear forces of 70/30 between the wall and the frame, respectively. The approach consisted in defining a target displacement that is compatible with the desired maximum drift in the structure. This displacement is directly related to the ductility demand; hence, it allows defining an equivalent damping coefficient which be applied to the elastic spectrum. The design internal forces are obtained objectively without any ductility behavior factor.
Once the internal forces are determined, the element reinforcements are designed following Eurocode 2 [9] and Eurocode 8 [2] provisions. Tables 3-5 summarize the reinforcement layouts in the frame elements and wall considered for the seismic evaluation.
SEISMIC ASSESSMENT PUSHOVER ANALYSIS.
In order to assess the structure under seismic action, the non-linear static analysis (Pushover) approach was used. The capacity curve and performance point were determined following the procedure described in Eurocode 8 (2%). Capacity curves were obtained using SAP2000 v14 [12] by means of a lumped inelasticity structural model. The MomentRotation properties of each hinge were obtained using BCSEC program [13] following the concrete constitutive model above described, including confinement reinforcement. The capacity curves for all cases are shown in Fig. (8) . It can be seen that the top displacement and maximum base shear obtained are smaller for smaller concrete strength. In the same manner, the design with 90 MPa shows stiffer response than the other 2 cases. The cases of normal and mid strength concrete, 30 MPa and 60 MPa respectively, show similar response up to a base shear of 6000 kN, after this point a more ductile response of the 30 MPa case is evidenced.
In order to apply the Eurocode 8 [2] method to obtain the performance point, the capacity curves are represented as a bilinear elasto-plastic curve. These curves are defined in a way that they are energetically equivalent to the original capacity curves while presenting a single yielding point. The performance points for each case are depicted in Fig. (9) . Table 6 shows the numerical values of the performance points. The reduction of ductility capacity is evident in as the concrete strength increases. However, this is not directly traduced to a less seismic capacity as this is partially compensated by increasing the base shear demand. As noted in Table 6 , the ratio between the elastic and non-linear seismic force is reduced. It is evident that the DBD design approach is capable of providing enough ductility in the 90 MPa concrete case.
Where Dy and Fy* are the yielding displacement and force, respectively; Dt is the target displacement, Sd(Te*) and Sa(Te*) are the coordinates of the performance point in spectral coordinates; k* is the equivalent stiffness of the system; T* is the fundamental period. The value q represent the computed force reduction factor with respect to an elastic linear system.
The base shear distribution in the dual system, between frame and wall in the dual, are compared in Fig. (10) at the Performance-Point displacement. It is noted that the normal concrete specimen reproduces the design assumed distribution (30/70). However, as concrete strength increases, the frame's participation tends to be larger, reaching up to 46% in the case of HSC. Fig. (11) shows the failure mode and critical element position for the three specimens. In the case of normal concrete, the first plastic hinge reaching its ductility capacity is Fig. (8) . Capacity curve for the cases of strength 30-60-90 MPa. 
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Fig. (10).
Relative base-shear between frame and wall for each case study. located at the beam of 9 th storey connecting the wall and the interior column. However, in the case of mid and high strength concrete, the failure mode is governed by reaching the failure of the 1st storey column. In all three cases, this column experienced increments of axial forces during seismic action that tends to reduce ductility of the elements. Fig. (12) represents a typical evolution of the ductility capacity reduction of a wellconfined column as function of concrete strength and axial force ratio (ν). It is evidenced that the ductility reduction is considerably more significant for mid and high strength concrete than for the normal concrete case, which provides an explanation for the changing of first collapsing element. ) and concrete strength (MPa) in typical column.
